rostate cancer is the most common malignant neoplasm in men, and radical prostatectomy is among the primary therapies for localized prostate cancer. The biochemical recurrence rate 5 years after prostatectomy ranges from 70% to 90%. 1, 2 Improvements in the surgical technique have decreased the amount of intraoperative blood loss occurring during radical prostatectomy 3 ; however, substantial numbers of patients still require perioperative blood transfusions. [4] [5] [6] Blood transfusions are associated with adverse reactions, including postoperative infections and transfusion-related immune perturbations. 7, 8 Allogeneic leukocytes present in the transfused blood are thought to suppress host cellular immune responses. 9, 10 Furthermore, the immunodepressant effect is secondary to an imbalance of accumulated cytokines and proinflammatory mediators in the transfused Juan P. Cata, MD; Eric A. Klein, MD; Gerald A. Hoeltge, MD; Jarrod E. Dalton, MA; Edward Mascha, PhD; Jerome O'Hara, MD; Amanda Russell, MD; Andrea Kurz, MD;
Shamgar Ben-Elihayhu, PhD; and Daniel I. Sessler, MD OBJECTIVE: To test the hypothesis that perioperative transfusion of allogeneic and autologous red blood cells (RBCs) stored for a prolonged period speeds biochemical recurrence of prostate cancer after prostatectomy.
PATIENTS AND METHODS:
We evaluated biochemical prostate cancer recurrence in men who had undergone radical prostatectomy and perioperative blood transfusions from July 6, 1998, through December 27, 2007 . Those who received allogeneic blood transfusions were assigned to nonoverlapping "younger," "middle," and "older" RBC storage duration groups. Those who received autologous RBC transfusions were analyzed using the maximum storage duration as the primary exposure. We evaluated the association between RBC storage duration and biochemical recurrence using multivariable Cox proportional hazards regression.
RESULTS:
A total of 405 patients received allogeneic transfusions. At 5 years, the biochemical recurrence-free survival rate was 74%, 71%, and 76% for patients who received younger, middle, and older RBCs, respectively; our Cox model indicated no significant differences in biochemical recurrence rates between the groups (P=.82; Wald test). Among patients who received autologous transfusions (n=350), maximum RBC age was not significantly associated with biochemical cancer recurrence (P=.95). At 5 years, the biochemical recurrence-free survival rate was 85% and 81% for patients who received younger and older than 21-dayold RBCs, respectively.
CONCLUSION:
In patients undergoing radical prostatectomy who require RBC transfusion, recurrence risk does not appear to be independently associated with blood storage duration.
Mayo Clin Proc. 2011;86(2):120-127 PSA = prostate-specific antigen; RBC = red blood cell blood against decreased production of lymphocyte stimulating cell-mediated cytokines, such as interleukin 2, 9,10 and increased release of immunosuppressive prostaglandins in the patient undergoing transfusion. 11, 12 In cancer patients, perioperative blood transfusion has long been suspected of reducing long-term survival, 4, 13 but available evidence is inconsistent. It is also unclear which components of transfused blood underlie the cancer-promoting effects reported by some studies.
14, 15 An important factor associated with the deleterious effects of blood transfusion is the storage age of the transfused blood units. 16 A recent study using 2 animal models demonstrated that prolonged storage (>9 days) of transfused red blood cells (RBCs) was a critical deleterious factor. 17 Therefore, it seems likely that cancer recurrence may also be worsened after the transfusion of older blood. No clear cutoff point has been established to define old vs young blood; however, a recent large clinical study defined old blood as RBCs with a storage time longer than 14 days. 18 We thus evaluated the association between RBC storage duration and biochemical prostate cancer recurrence after radical prostatectomy. Specifically, we tested the hypothesis that perioperative transfusion of allogeneic and autologous RBCs stored for a prolonged period is associated with earlier biochemical recurrence of prostate cancer after prostatectomy.
PATIENTS AND METhoDS
After approval from the Cleveland Clinic Institutional Review Board, we identified 1127 men (aged ≥18 years) with prostate cancer who underwent open or laparoscopic For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
radical prostatectomy at Cleveland Clinic between July 6, 1998, and December 27, 2007, and for whom prostatespecific antigen (PSA) follow-up data were available. Demographic, perioperative, and postoperative follow-up data were obtained from Cleveland Clinic's institutional review board-approved, prospectively maintained localized prostate cancer registry. Prostate-specific antigen was used as a biochemical marker of prostate cancer recurrence after prostatectomy. A PSA value of at least 0.4 ng/mL (to convert to mg/L, multiply by 1.0) followed by another increase was considered biochemical cancer recurrence. 19 Patients who received a blood transfusion during their prostatectomy-related hospitalization were identified. Blood transfusions were administered intraoperatively and postoperatively according to the clinical judgment of the attending anesthesiologist and surgeon, respectively. The donor type (autologous or allogeneic) and storage duration of transfused RBC units were obtained from the Cleveland Clinic transfusion service data repository. Only autologous units collected preoperatively and stored were included in the analysis; autologous RBCs salvaged intraoperatively, processed, and autotransfused were not included.
Assessment of Blood storAge durAtion
Assessing blood storage duration as a treatment is complicated because patients who receive multiple units likely have multiple RBC age exposures but only a single recurrence outcome. The mechanism by which patients receive allogeneic blood is essentially a random process; that is, the age of a given allogeneic unit is largely independent of any patient or surgical characteristics. Furthermore, if a given patient receives multiple allogeneic RBC units during a surgical procedure, the ages of those multiple units are likely independent of one another. In contrast, the need for recovery time after reservation of autologous blood makes the mechanism by which blood age is assigned a more systematic or deterministic process; patients receiving multiple autologous RBC units have an inherently wide distribution of RBC age. Another general difference in these populations is that patients receiving solely allogeneic blood are sicker and require more units than those who receive solely autologous blood (in our patients, the median [quartiles] number of units transfused was 2 [2] [3] [4] for those who received allogeneic blood but 2 [1] [2] for those who received autologous blood).
Because of the differing natures of RBC age exposure between the 2 patient populations, we needed to tailor separate analysis plans for patients who received allogeneic blood vs those who received only autologous blood. We endeavored to define the most meaningful patient-specific RBC age exposure for each population. Assuming that old blood is truly harmful, then the unit of maximum age associated with each patient may be most relevant. However, the more units a patient receives, the less likely it may be that any 1 unit has a significant effect on the patient's prognosis. When patients receive few RBC units, as was the case with patients receiving autologous blood (45% of patients received 1 and 53% received 2 units), the unit of maximum age was of greater relevance to the hypothesis of old blood being associated with increased recurrence. Therefore, for patients who received only autologous blood, we analyzed the maximum RBC age associated with each patient, while adjusting for the range of RBC age exposures as a covariable.
In contrast, 29 of the patients receiving allogeneic blood received 4 or more units, making the unit of maximum age plausibly less relevant. Thus, we assigned patients who received only allogeneic blood to 1 of 3 RBC age exposure groups on the basis of the terciles (ie, the 33rd and 66th percentiles) of the overall distribution of RBC storage duration if all their transfused units could be loosely characterized as of "younger," "middle," or "older" age. Although this approach resulted in the removal of certain patients with wide RBC age distributions, it has the advantage of defining an essentially random and clearly separable exposure.
Specifically, we analyzed 3 groups of patients receiving only allogeneic blood: those for whom all transfused units were aged 13 days or less, 13 to 18 days, or 18 or more days. Patients whose blood age distribution straddled a tercile were not included in the study, whereas patients whose blood age distribution lay entirely on a tercile (eg, all units transfused to a particular patient were aged exactly 13 days) were randomly allocated to one of the neighboring blood age groups. The relationship between RBC age and risk of biochemical recurrence was then evaluated (after adjusting for any effects of the covariables described in the "Statistical Analyses" section) using the median RBC age of all transfused units within each group (the younger group had a median age of 10 days; the middle group, 15 days; and the older group, 25 days) as a continuous predictor. A confirmatory analysis that treated RBC age group as a categorical predictor was also performed.
stAtisticAl AnAlyses
The treatments under study-namely, RBC age group for the analysis in patients given allogeneic RBCs and maximum RBC age for the analysis within patients given autologous RBCs-were assessed univariably using KaplanMeier survival density estimation and multivariably using Cox proportional hazards regression. For the multivariable analyses, the number of covariables we could include in our For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
models was limited because of the small number of recurrences observed in our patients (ie, 54 recurrences among the patients receiving allogeneic blood and 37 among those receiving autologous blood). Thus, we adjusted for clinical T category, number of units transfused, and any other factors listed in Table 1 and Table 2 that were univariably significant with the respective exposure at the P<.20 significance criterion. The assumption of proportional hazards between treatment groups for each Cox model was assessed by including an interaction (assessed at the .10 significance level) between logarithm on time and the corresponding treatment. Also, for the patients receiving allogeneic RBCs, we conducted the following sensitivity analyses. First, we relaxed the linear trend assumption and analyzed RBC age group as a categorical predictor. Second, in light of the relatively large proportion of patients lost to follow-up within 2 years For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings a .
of surgery (see "Results" section), we performed an unadjusted analysis that included only those patients with recurrence or with more than 2 years of follow-up. Finally, we assessed whether those excluded for receiving a combination of younger, middle, and older RBC units (as defined in the "Assessment of Blood Storage Duration" section) differed on biochemical recurrence-free survival from those included in the primary analysis. Overall, our study had 90% power at the overall .05 significance level to detect hazard ratios of 2.62 or greater when comparing allogeneic-only RBC age groups and a hazard ratio of 1.71 or greater for a relative increase in maximum storage duration of 7 days among patients who received only autologous blood.
SAS statistical software, version 9.2 (SAS Institute, Cary, NC) and R statistical software, version 2.8.1 (The R Foundation for Statistical Computing, Vienna, Austria) were used for the analysis.
RESUlTS
The initial population consisted of 1127 men who had undergone radical prostatectomy at Cleveland Clinic and had available PSA follow-up data. Of these patients, 865 received transfusion during or within 30 days of the surgical procedure. Of the transfused patients, 110 were excluded from the analysis because they received a combination of allogeneic and autologous blood products. Of the remaining 755 patients, 405 (54%) received solely allogeneic and 350 patients (46%) received solely autologous RBC units (Figure 1 ). ciles. Of the remaining 316 patients, 106 (34%) had all younger blood, 103 (33%) had middle blood, and 107 (34%) had older blood. A total of 776 allogeneic units were transfused; patients in the younger group received 275 units (35%), those in the middle group received 234 units (30%), and patients in the older group received 267 units (34%). The median (quartiles) number of units transfused per patient for the younger, middle, and older RBC age groups, respectively, was 2 (2-3), 2 (2-2), and 2 (1-2) (P=.02, Kruskal-Wallis one-way analysis of variance by ranks; Table 1 ). Of the 316 patients, 119 (38%) were lost to follow-up within 2 years of the date of the surgical procedure but were included in the survival analysis. The proportion of patients lost to follow-up for the 3 respective RBC age groups was 36%, 41%, and 37%. The estimated 1-year biochemical recurrence-free survival rate (95% confidence interval [CI]) for the younger, middle, and older groups was 89% (82-95), 92% (86-98), and 91% (85-97), respectively. At 5 years, these survival rates were 74% (64-85), 71% (58-84), and 76% (64-87). Kaplan-Meier survival density function estimates showed that survival was not univariably different (P=.97, log-rank test) (Figure 2) .
In our Cox model, we adjusted for prostate volume and preoperative PSA (in addition to clinical T category and number of RBC units transfused); 23 patients (7%) were excluded from the model because of missing covariable values. On the basis of this model, the linear slope parameter for RBC age, derived using the 3 group-specific median storage durations as a continuous predictor, was not statistically significant (P=.82, Wald c 2 test). Using the estimated linear slope parameter, we estimated the hazard ratio (Bonferroni-adjusted 95% CI) for recurrence at 0.98 (0.76-1.26) when comparing patients in the middle storage duration group with the younger group, at 0.95 (0.57-1.58) when comparing the older group with the middle group, and at 0.93 (0.43-1.98) when comparing the older group with the younger group. The interaction between logarithm on time and the linear slope parameter representing storage duration was not statistically significant (P=.90), indicating no violation of the proportional hazards assumption between the RBC age groups. Our confirmatory analysis, which treated RBC age group as a categorical predictor, revealed similarly nonsignificant results (P=.95, Wald test).
In our sensitivity analyses, we found no evidence of nonlinearity in the association between RBC age and biochemical recurrence (P=.80, Wald test for categorical RBC age group predictor); all CI estimates from the model assuming a linear trend were entirely within the CI estimates from the model using the categorical RBC age group treatment. In our unadjusted analysis, which excluded those with less than 2 years of follow-up, we had consistent results with our primary model (P=.82, Wald test). Finally, we found no evidence of differing biochemical recurrence rates between those whose blood could be characterized as younger, middle, or older (on the basis of our previously described criteria) and the 89 not included because their transfused RBC age distribution overlapped one or both of the terciles (P=.15, Wald test).
AssociAtion Between storAge durAtion of Autologous trAnsfused rBc units And cAncer recurrence The 350 patients given only autologous blood were divided into 2 groups according to the overall median autologous patient-specific RBC age of 21 days (quartiles of 17 and 28 days) for the purposes of univariable Kaplan-Meier estimation. The estimated 1-year biochemical recurrence-free survival rate (95% CI) for patients who received younger and older than 21-day-old RBCs was 96% (93%-99%) and 98% (95%-100%), respectively. At 5 years, the biochemical recurrence-free survival rate was 85% (77%-92%) and 81% (72%-90%) for patients who received younger and older than 21-day-old RBCs, respectively. The proportion of patients receiving only autologous blood who were lost to follow-up within 2 years of prostatectomy was 37%.
We found no statistically significant univariable relationship between autologous RBC age group and recurrence (Figure 3 ; log-rank, P=.88). Overall, there were 37 recurrences among the 350 patients receiving autologous RBCs; this small number of recurrences limited the number of predictors that we could include in our Cox model (one parameter per 10 events is standard practice for avoiding model overfitting). Thus, we included the 2 most significant covariables in our Cox model evaluating maximum RBC age; these were number of units and clinical T category. After adjustment for these variables, maximum RBC age was not significantly associated with recurrence; the estimated hazard ratio for a difference of 7 RBC age days was 0.99 (95% CI, 0.72-1.35; P=.95). We could not test for violation of the proportional hazards assumption in this model because of the small number of recurrences.
DISCUSSIoN
Red blood cells undergo storage lesion as their storage time increases. This term refers to the metabolic, structural, and biochemical changes that RBCs undergo between collection and transfusion, 20-22 with most of these changes occurring after the second or third week of storage. 23 In patients undergoing rectal surgery, blood storage age is associated with postoperative infectious complications. 24 We evaluated one potential consequence of the storage lesion. Specifically, we investigated the effect of RBC storage on the rate of prostate cancer recurrence and were unable to demonstrate a significant association between storage age and cancer recurrence for either allogeneic or autologous transfusion. These findings were unexpected because a growing number of publications suggest that outcomes are unfavorable after transfusion of RBCs with prolonged storage age, [25] [26] [27] [28] although there is by no means a consensus regarding the effect of blood storage age on cancer recurrence. 29, 30 Gao et al 31 demonstrated the presence of circulating prostate cancer cells in the peripheral blood obtained from patients with prostate cancer immediately before prostatectomy. Therefore, the perioperative period is critical in the cancer disease process because any immunosuppressive intervention may facilitate formation of micrometastases. Allogeneic or autologous blood transfusions per se may trigger an abnormal immune response, which may be caused by soluble modifiers released from leukocytes into the supernatant fluid of RBCs, allogeneic mononuclear cells, or HLA class I peptides. 23, 32 Regulatory T cells promote immune tolerance, prevent autoimmunity, suppress cellmediated cytotoxicity, and inhibit the function of dendritic cells. [33] [34] [35] Baumgartner et al 36 demonstrated that the supernatant from stored peripheral RBCs induced regulatory T cells; however, the induction was not affected by the storage age of the RBCs. Blood transfusions may impair the natural immune-killing function of the body against growing and metastasizing cancer cells. [26] [27] [28] 37 Ectosomes are microparticles or microvesicles released from the membrane of erythrocytes and are present in the packaged RBCs. Interestingly, ectosomes also cause immunosuppression by inhibiting activated macrophages. 38 Early preclinical studies showed that transfusion of allogeneic whole blood promoted the growth of fibrosarcoma cells in syngeneic C57BL/6 mice and of the VX-2 tumor cell line in rabbits.
39, 40 The authors of these studies suggested that effects of allogeneic blood transfusion were due to the presence of white cells in the transfused blood. Moreover, it has been suggested that CD 200 + and CD11
+ dendritic cells present in transfused blood are responsible for inducing tumor growth in animals inoculated with cancer cells. 41 Leukoreduction of stored RBCs has less of a significant effect on cancer growth stimulation compared with administration of nonleukoreduced RBCs. 17 However, even administration of leukoreduced blood is associated with cancer growth 17 ; therefore, it is possible that the presence of other soluble factors related to storage may still cause significant immunosuppression or stimulate cancer cell growth. 38 In a more recent animal study, Atzil et al 17 showed that transfusion of either allogeneic or autologous blood stored for more than 9 days increased lung tumor retention and reduced survival rates compared with either FIGURE 3. Kaplan-Meier survival density function estimates comparing patients who received only autologous blood who were grouped according to patient-specific maximum red blood cell (RBC) storage duration. For Kaplan-Meier estimation purposes only, patients whose maximum RBC age was equal to or less than the median of 21 days were assigned to the "younger" group and patients whose maximum RBC age was greater than the median were assigned to the "older" group. Univariable survival estimates were not significantly different (P=.87, log-rank test); multivariable P=.14 (using maximum RBC age as a continuous predictor variable). no transfusion or treatment with blood of a shorter storage duration. Importantly, these effects were ascribed to deterioration of RBCs, rather than to white blood cells or accumulating soluble factors. 17 The clinical evidence of the effect of blood storage age on cancer recurrence is less clear than the evidence in animal models. For example, Edna and Bjerkeset 29 found that blood storage time had no effect on local recurrences and distant metastases in 336 patients who had colorectal resective cancer surgery. However, Mynster and Nielsen 30 demonstrated that, compared with patients who did not undergo transfusion, those who received allogeneic blood stored for less than 21 days had increased locoregional cancer recurrence after colorectal surgery, whereas those who underwent transfusion with blood with a storage age older than 21 days had a recurrence rate similar to that of nontransfused patients. However, there are substantial differences between these studies and ours, which limits direct comparisons. For example, the type of malignant tumor differed, as did the definitions of storage duration (ie, median vs nonoverlapping tercile splits).
Our study had several limitations. First, the results of any retrospective study, including ours, may be influenced by confounding factors. However, we used multivariable regression models and found a reasonably balanced distribution of known confounding factors within our patients. We used median or tercile splits to define storage duration groups. Others have used various definitions, which makes it difficult to directly compare our findings with other reports. Second, we did not analyze the effect of other perioperative comorbidities related to blood transfusions, such as postoperative infection, which had been suggested as playing a role in the postoperative rate of cancer recurrence. 42 Furthermore, we did not analyze the effect of any blood transfusion vs no blood transfusion on cancer recurrence. In a meta-analysis, Amato and Pescatori 43 showed a detrimental association between the use of blood transfusion and outcome in patients with colorectal cancer. In our study, because of a current change in surgical technique among our surgeons, we did not focus on whether or not patients underwent blood transfusions. During the past 5 years, more prostatectomies were accomplished laparoscopically vs open, and as a result of this experience and improved perioperative management of these patients, surgeons have become aware of risks and costs associated with transfusions. Third, we found that a large percentage of patients underwent transfusion in the perioperative period. A similar rate of transfusion was reported by Paul et al, 44 who found that 56.7% of the patients undergoing retropubic radical prostatectomy received transfusions intraoperatively or postoperatively. However, a study from Mayo Clinic demonstrated that the rate of transfusion was strikingly smaller than ours; therefore, our results may not be applicable across other academic centers. 45 Finally, a substantial limitation we faced was statistical power, which was restricted by the number of patients available in our registry; thus, our negative conclusions hardly eliminated the possibility of clinically important effects related to type of blood, leukocyte filtering, or RBC storage duration.
CoNClUSIoN
Administration of allogeneic and autologous RBCs with increased storage time is not associated with the biochemical recurrence of prostate cancer after radical prostatectomy. Thus, available data do not suggest that, with respect to cancer recurrence, special efforts should be expended to transfuse patients undergoing radical prostatectomy with RBCs stored only briefly.
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